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We discuss a simple model for the metal-insulator transition in Eu-rich EuO. Trap
states associated with the 0 vacancies act as donor states. The transition is driven by
the exch~~~e field generated by the long-range magnetic order. %'e obtain results which
are in fair agreement with the experimental results for values of the parameters of the
model appropriate for EuO.
It has been observed that the conductivity of
Eu-rich Eu0 crystals increases by several or-
ders of magnitude below the ferromagnetic order-
ing temperature (T,= 69.3 K)." This transition,
which does not occur in 0-rich EuO crystals is
correlated with the onset of the magnetic order
and is usually associated with the presence of 0
vacancies. Penney, Shafer, and Torrance' have
shown that the transition is associated with a
change in the number of carriers, rather than a
change in the mobility. The activation energy for
the conductivity, moreover, follows the long-
range magnetic order (LRMO), unlike the optical-
absorption-edge red shift, which follows the
short-range order. '
Several models have been proposed to explain
this transition, " '~ ' but the question of its exact
nature has remained open. In this Letter we show
that a simple thermodynamic model is capable of
reproducing in fair detail the characteristics of
this transition, for values of the parameters in
agreement with the experimental information
available. "Moreover, our model satisfies most
of the general physical requirements derived by
Penney, Shafer, and Torrance' from their experi-
mental data. The trap states associated with the
0 vacancies act as donor states, and the transi-
tion is visualized as the promotion of electrons,
localized around the 0 vacancies, to the conduc-
tion band. The driving mechanism for the tran-
sition is the exchange field created by the 4f elec-
trons of the Eu ions.
Formally our approach is similar to the one
adopted by Falicov and Kimball' and Gongalves
da Silva and Falicov" even though the physical
situation is completely different. The essential
ingredients of our model are described below.
(l) A set of donor states associated with 0 va-
cancies.—We assume that each 0 vacancy is neu-
tral —can trap two electrons —in the absence of
the exchange field. We also assume that only one
of the electrons can be easily promoted to the
conduction band. Thus we define 4 and 6+ U as,
which is treated in the mean-field approximation.
The magnetization is described by the normalized
order parameter
where (8,) is the thermal average of the z compo-
nent of the spin operator and S=-', is the spin
quantum number of the orbita3. ly nondegenerate
ground state of the (4f)' configuration.
(3) A set of conduction bands, deriued from the
Gs and 5d states of Eu.—For convenience we con-
sider a single band. This band is split by the ex-
change field generated by the LRMO, so that the
density of states per spin direction for spin c' is
p~(c) = po (E +IMo')q (3)
where p, (e) is the paramagnetic density of states,
I is the mean-field exchange constant, and a = + 1.
The Landau free energy" of the system de-
scribed above can be easily written down. The
respectively, the ionization energy of the first
electron and of the second electron trapped at the
0 vacancy. The energy U is supposed sufficiently
large so that we can neglect, in the thermodynam-
ics of the system at low temperatures, doubly
ionized 0 vacancies. This is the assumption
made, for instance, by Torrance, Shafer, and
McGuire. 2 The results of our calculation, how-
ever, are not strongly dependent on it. We as-
sume that the energy 4 is independent of the de-
gree of LRMO. The number of 0 vacancies is N„
and the average number of singly ionized vacan-
cies is N„n„(0&n„&l). In addition to these donor
states, we consider the presence of a number N„
of acceptor impurities, which partially compen-
sate them. '
(2) A system of localized magnetic moments,
associated with the Eu" (4f)' states. —These are
described by the Heisenberg Hamiltonian"
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In (4), N is the number of cells in the crystal,
the first term is the mean-field magnetic energy—the constant J already includes the factor 8'
from the normalization of the magnetization —,
the second term is the electronic energy, and
f(e) is the thermal occupation probability of the
electronic levels.
The entropy is given by
3= N-ks(s~+Q~fdep, (e)[(1-f(e))ln(1-f(e))+f(e)inf(e)]+x[(1-n„)ln(1 —n„)+n„inn„]j. (5)
In (5), s~ is the magnetic entropy (per magnetic ion) and x is tbe fraction of 0 vacancies in the sample,
x =N„/N.
The Landau free energy is
where T is the absolute temperature. Since the acceptor impurities are assumed to be far below the
conduction band (1 or 2 eV) they do not contribute to the thermodynamics in tbe temperature range of
interest, and hence are neglected in the expression for the free energy.
To determine the thermal equilibrium state of the system we minimize (6) with respect to M, f(e),
and n„, subject to the constraint
N„n„=N+,Id' p, (e)f(e)+Nn~, (7)
p,(e) = p,(8(b. e) ex-p[(e -b, )/E, ]+[8(e —b, ) —8(e -n. —W)]j,
which ensures the conservation of tbe number of electrons. In (7) Nn„=N„, the number of acceptor im-
purities.
Since Eu-rich EuO is a disordered system, "the bottom of the conduction band has a tail of localized
states instead of the e'~' van Hove singularity. '~ For computational convenience we choose then
where 8(x) is the usual step function and W is the
bandwidth of the "rectangular" part of the density
of states.
For the mobility we assume
p(~) = po8(& -&),
that is, zero mobility for states in the exponen-
tial tail of the density of states and a finite, en-
ergy-independent mobility for the states above the
the tail." The conductivity is then written
v=Nnp, e,
where
n=g, f~' de p, (e)f(~).
The concentration of vacancies plays an impor-
tant role in this model. If x &x,=p, p.„the sys-
tem is insulating at T =0 because the Fermi level
remains below the mobility edge. The values of
the relevant parameters of the model are chosen
having in view the experimental information avail-
@le 1,8
J=&.38X1.0 ' eV; I=0.45 eV; 6 =0.30 eV;
E,=0.01 eV; 8'=10 eV.
The large bandwidth is chosen to reproduce,
with a "rectangular" density of states, the low
density of states near the bottom of the band
which characterizes the real system.
In Fig. 1 we show the results for the conductivi-
ty. The conductivity at T = 0 for x = 0.2% and n„
= 0 is fitted to the experimental results of Ref. 1
by adjusting tbe mobility p, . We obtain p, =1.1
&& 10' cm'/V sec, in good agreement with the ex-
perimental data, [p, ,„p - (0.7-1.7) && 10' cm'/V sec].
The same value of IIL, is used in all curves of
Fig. 1. %'e can see from this figure that the ef-
fect of compensating impurities is small at low
temperatures, but very large at high tempera-
tures. At low temperatures the shift of the chem-
ical potential upon introducing a small amount of
acceptor impurities is negligible. At high tem-
peratures, however, the shift can be quite large
because the chemical potential, in the presence
of compensating impurities, stays "pinned" to
the donor levels.
Even in the presence of compensating impuri-
ties there remains, in the paramagnetic phase,
a discrepancy with the experimental results.
This is due to two causes: the approximation for
the mobility, Eq. (9), and the rigid-band assump-
tion for the shift of the density of states, Eq. (3).











insulator transitions can be understood from a
thermodynamical point of view. Both the temper-
ature and the concentration dependence of the
transition are fairly well reproduced. We feel
that the present approach is most economical and
powerful to deal with a phenomenon ranging over
an extended temperature interval and involving a
physical parameter varying over several orders
of magnitude.
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The former neglects the smooth transition (as a
function of energy) from low to high mobilities
and tends to overestimate the conductivity at high
temperatures. The latter neglects the effect of
short-range magnetic order and the consequent
variation with temperature of the number of non-
conducting band states. A consideration of this
effect, however, is outside the scope of our mean-
field thermodynamic approach.
In Fig. 1(b) we show the results for x = 0.05%,
n„= 0 and n„=0.01%. Since x is below the criti-
cal concentration the system is insulating at T = 0.
These results should be compared with the re-
sults presented in Fig. 7 of Ref. 8.
In conclusion, we want to emphasize that our
model shows how one of the most striking metal-
FyG. 1. Plot of log, po'(T) versus T. The values of the
parameters are given in the text. The magnetic transi-
tion temperature is T~ = 69 K. (a) Concentration of va-
cancies x =0.2%. The concentration of acceptor impu-
rities is nz =0 (thick curve) and n& =0.02% (thin curve).
The open circles are experimental values quoted in Ref.
1. (b) Concentration of vacancies x =0.05%. The concen-
tration of acceptor impurities is nz = 0 (thick curve) and
ng =0.01% (thin curve).
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